Indium tin oxide thin films consisting mainly of whiskers have been deposited on glass by electron beam evaporation. Low deposition rates ͑35 Å/min͒ and substrate temperatures in the 120-400°C range were used. Morphology by scanning electron microscopy, crystal structure, energy dispersive analysis of x-rays, and x-ray photoelectron spectroscopy compositions, optical and conducting properties of films have been studied as a function of temperature of growth and further annealing in air. Whiskers associate and produce flatter surfaces, the grain size increases from Ϸ390 Å to Ϸ790 Å, keeping however its fibrous structure after 400°C-30 min annealing. In films deposited at temperatures below 200°C, next to cubic In 2 O 3 , tetragonal Sn and cubic In 2 Sn 2 O (7Ϫx) appear. During growth and after air annealing Sn 4ϩ segregates to the surface, attaining Sn/In concentration ratios of 4.6. On air annealing the optical transmittance and electrical resistance increase, in some cases from 2% to 90% and by a factor of about 4, respectively.
I. INTRODUCTION
Indium tin oxide ͑ITO͒ in thin film is used as transparent electrode, due to a high transmittance in the visible spectral range and high electrical conductivity. The high reflectance of ITO in the infrared permits its use as selective window. Other applications include optical information displays and optoelectronic devices, such as solar cells. Besides, ITO has also applications in thermal control and photochronic devices. Its use as an optical memory element by using the bleaching of dark ITO when illuminated with a laser has been suggested. 1 By electron beam evaporation, Hamberg and coworkers 2, 3 have obtained ITO with low absorption in the visible (Ϸ2%) high reflectance in the thermal infrared ͑90%͒, and resistivity of 3ϫ10 Ϫ4 ⍀ cm. Other conditions were a partial pressure of O 2 of 5ϫ10 Ϫ4 Torr and substrate temperature (T s ͒ in the range of 150-350°C. The alternative ITO deposition method studied in more detail until now, has been reactive sputtering. The optical and electrical properties of the resulting compact films have been studied. [4] [5] [6] Substrate temperature and oxygen partial pressure during deposition have been reported to affect crystalline phase, grain size, electrical conductivity, and optical transmittance of thin films. The presence of In metal observed in ITO films when deposited by sputtering, without oxygen in the discharge, was reported by Andrade and Moehlecke. 1 Banerjee et al. 4 concentrate on the effect of T s , oxygen partial pressure ͑2 -8ϫ10 Ϫ5 Torr range͒, and growth rates ͑20-300 Å/min͒ on transmittance and resistance, having obtained the best transmittance/sheet resistance ratio at 300°C, 8ϫ10 Ϫ5 Torr O 2 partial pressure, and grain sizes of 300 to 400 Å. For T s Ͼ250°C, the effect of O 2 partial pressure is thought to limit the concentration of oxygen vacancies, which affects the electrical and optical properties, without affecting either the crystalline phase ͑cubic In 2 O 3 ͒ or the grain size. However, it is not quite explained why, for increasing O 2 partial pressures, there is an increase in carrier concentration ͑Table II of Ref. 4͒ . The optical band gaps are reported to shift to higher energies, this being related to the carrier concentration through the Burstein-Moss shift. 4, 7 Frank and coworkers in their study of the properties of sintered ITO powders report a Sn solubility limit of 6Ϯ2 at. % in In 2 O 3 and conclude that all Sn atoms in solution are active donors. 8 Elfallal et al. 9 vary the O 2 partial pressure and study the effect of postdeposition thermal treatments in air or controlled N 2 -H 2 atmospheres on the electrical and optical properties. They conclude that, regardless of growth conditions, the postdeposition treatments affect these properties most. 5, 6 In more recent work, Elfallal et plaining the presence of a broad concentration maximum for 7-15 at. % Sn and 650 KϽT s Ͻ770 K. On annealing, the ''reduction of the number of active Sn lattice sites'' is attributed by these authors to the tendency to form Sn clusters. On substrates with a temperature gradient Rauf has studied by transmission electron microscopy and tunneling scanning microscopy the morphology of ITO films of 5.1 and 6.6 at. % Sn deposited by electron bombardment. Apart from some degree of preferential orientation no whiskers were observed. 10, 11 The growth of whiskers by electron beam evaporation/ deposition process has been reported in titanium and beryllium by Bunshah and Juntz 12 at around 840°C, at high deposition rates ͑250 000 Å/min͒.
The presence of whiskers at the surface of ITO films when grown at T s ϭ300°C under an electron shower irradiating the substrate, has been reported by Yumoto et al. 13 These authors suggest that the electron shower activates the oxidation of In and Sn, even in oxygen deficient films, producing films with resistivities one order of magnitude smaller than those of films just e-beam evaporated ͑10 Ϫ4 and 10 Ϫ3 ⍀ cm, respectively͒. As far as we know, no fibrous, crystalline dendritic structure in e-beam evaporated ITO for substrate temperatures in the 120-300°C range has been reported as yet. In this work, we have obtained mainly fibrous ITO films without recourse to electron shower. Growth conditions, and T s in particular, have been studied. As T s may affect the film composition drastically, energy disper- sive analysis of x-rays ͑EDAX͒ composition has been measured systematically. Crystal structure, morphology, optical transmittance and reflectance, and sheet resistance have also been studied.
II. EXPERIMENT
The vacuum chamber was pumped successively by a rotary rough pump, a turbomolecular pump, and an additional ionic pump, the base vacuum being Ͻ1ϫ10 Ϫ7 Torr. Hot pressed powder consisting of 87% In 2 O 3 -13% SnO 2 by weight, typically 99.999% pure ͑special-E supplied by CERAC Inc.͒, was evaporated from a 4 kV dc-2 kW electron gun with magnetic deflection and a water-cooled copper crucible. Film substrates were glass microscope slides and graphite disks that allow optical transmittance and EDAX composition measurements to be made. Substrate temperatures were between 90 and 400°C ͑thermocouple on substrate while heating with halogen 500 W lamps͒. During evaporation, the pressure was kept in the 2ϫ10 Ϫ6 -1 ϫ10 Ϫ5 Torr. The beam current was chosen to have a deposition rate of around 35 Å/min. After deposition, annealing at Atomic composition by EDAX was measured, in ''asgrown'' films on graphite for In, Sn, and O determination, and in as-grown and annealed films on glass substrate for In and Sn relative concentrations. X-ray photoelectron spectroscopy ͑XPS͒ was measured in some films on glass substrate, in ''as-grown'' and annealed states. The XPS studies were performed in a VG-ESCALAB Model 210 apparatus with a vacuum better than 1ϫ10 Ϫ10 Torr. The specimens were irradiated with Mg K␣ of energy 1253.6 eV from a source of 20 mA-12 kV, 50 eV analyzer and step size 0.45 eV. ITO was a good conductor so that no charging effects were observed.
Crystal structure was assessed with a Siemens D-5000 diffractometer for the thicker films ͑thickness Ͼ0.39 m͒.
Grain size was determined by the Scherrer method from -2 diffraction diagrams.
The Van der Pauw method was used for carrier measurements at room temperature, the Hall setup had a field strength of 7 kG. Optical transmittance and reflectance were obtained by means of a Cary 17D double beam spectrophotometer. A model assuming multiple reflections in flat compact films was used and in some cases an apparent absorption coefficient ␣ was found.
14, 15 The analysis of ␣ was used to determine the band gaps.
In order to summarize the properties of the ITO films as transparent electrodes, the two figures of merit were used. The first one was proposed by Fraser and Cook, F TC ϭT/R S , where T is the mean value of transmittance in the visible and R S the sheet resistance. 16 For the second one, Haacke uses TC ϭT 10 /R S , the 10th power being justified by multiple reflections. 17 Both figures of merit have been determined in the present work.
III. RESULTS AND DISCUSSION
The first remarkable SEM observation on all the films grown by electron beam evaporation is their fibrous texture, for they consist mainly of long whiskers 0.5-1 m in length and diameter 450-2000 Å with no apparent preferential orientation. This has been observed for substrate temperatures in the 120рT S р400°C range and low deposition rates ͑about 35 Å/min͒.
For samples obtained at 300рT S р400°C, the filaments become dendritic with many branches. In Fig. 1 the micrograph of a film grown at T S ϭ350°C is shown. In Figs. 2͑a͒ and 2͑b͒ are shown films grown at T S ϭ400°C with different magnifications. In Fig. 3͑a͒ is shown the side view of the deposits indicating that the whiskers start to grow from a more compact thin layer ͑about 500 Å in a film of 5000 Å total thickness͒ at the glass substrate (T S ϭ400°C). In other cases the whiskers grow from the glass without an intermediate layer as is shown in Fig. 3͑b͒ (T S ϭ365°C) . On annealing in air at temperatures well above that of growth (⌬Tу100°C), the whiskers sometimes reorient and associ- Figs. 7͑a͒ and 7͑b͒ . The reflections are assigned to planes ͓222͔, ͓211͔, ͓110͔, ͓400͔, ͓411͔, ͓431͔, ͓440͔, and ͓661͔ of the cubic phase of In 2 O 3 . For T S р200°C, in some ''asgrown'' films tetragonal Sn phase appears, with prominent ͓101͔ reflection peak shown in Fig. 8͑a͒ . In other films, this sequence appears after annealing in air at growth temperature ͓see sample ITO 5 in Figs. 9͑a͒-9͑d͔͒ . This points towards Sn concentrations far above the 6% solubility limit for films grown at T S Ͻ300°C. No preferential orientation has been found in the In 2 O 3 base phase. However, at 120°C substrate temperature, the tetragonal Sn metal phase has been detected with a strong ͓101͔ preferential orientation.
On annealing in air ͓Figs. 7͑b͒, 8͑b͒, 9͑b͒-9͑d͔͒, the metallic Sn peak vanishes, and weak reflections ͑marked with asterisks͒ frequently appear, that could be assigned to cubic In 2 Sn 2 O (7Ϫx) ; in particular, reflection ͓441͔ seems stable up to 350°C in annealed films. The weak peaks assigned to the cubic In 2 Sn 2 O (7Ϫx) phase also appear in some as-grown films. Cubic In 2 O 3 appears as the only phase in samples grown at T S у300°C. 19 Therefore, the increase in lattice constant suggests the presence of interstitial Sn, besides that of substitutional Sn, mainly in samples grown at lower substrate temperatures, T S Ͻ300°C. Annealing in air up to 350°C produces the segregation of metallic Sn and In 2 Sn 2 O (7Ϫx) phases. At 400°C, the disappearance of In 2 Sn 2 O (7Ϫx) phase, the EDAX value of Sn/In ratio of 15% and the high Sn/In surface concentration ratio of 460% found by XPS in a similar annealed sample ͑ITO 2T.T.400͒, suggest that Sn migrates to the surface. The absence of metallic Sn and In 2 Sn 2 O (7Ϫx) phases when T S у300°C is associated with a Sn/In concentration ratio of around 6%, the solubility limit proposed by Frank et al. 8 We would like to point out the difference between the presence of Sn metal in our films and the presence of In metal observed in ITO films when deposited by sputtering, without oxygen in the discharge. 1 The grain size, as determined by the Scherrer method from the peak width at half maximum, increases as a function of the substrate temperature up to 450-2000 Å and assessed by SEM observations ͓see Figs. 2͑b͒ and 3͑b͒, respectively͔. After further annealing in air, in some cases the grain size increases from 390 to 790 Å ͑see sample ITO 5 in Table  1 : T S ϭ200°C-T A ϭ350°C͒. The observations in SEM show ͓Fig. 4͑a͒, 4͑b͒, and 5͑a͔͒ that on annealing the fibers collapse and the films become more compact. This is simultaneous to an increase in the optical transmittance in the 0.4-0.8 m range ͑see Fig. 10͒ . The EDAX measurements are summarized in Table II for''as-grown'' films on graphite substrate and Table III on glass substrate and further annealing in air. In the ITO films deposited on graphite at T S р250°C, the Sn content exceeds by about a factor of 2 the 6 at. % solubility limit of Sn in In 2 O 3 , while at higher temperatures (T S у300°C) the concentration is about 6 at. % decreasing to 4 at. % on annealing at 400°C in air. On further annealing in air of films on glass substrates, the detected Sn/In ratio decreases, which would also be consistent with segregation of Sn to the surface. The low Sn content (Ϸ4 at. %) in samples further annealed at 400°C is remarkable and suggests that, apart from surface segregation, some reevaporation of SnO 2 takes place. EDAX measurements have been also done on the film cross section, after splitting the glass substrate. For T S ϭ365°C, in the outer film side consisting of whiskers, the Sn/In concentration ratio is less than 50% of that of the film side close to the substrate, i.e., about 3% and 7%, respectively. For higher substrate temperature (T S ϭ400°C) the difference in Sn/In concentration ratio between the whiskers and the film inner layer decreases, i.e., 2.6% and 3.2%, respectively.
Surface composition XPS measurements on two films on glass substrate both in as-grown state and after annealing in air, are shown in Table IV . In the as-grown state film at T S ϭ120°C, an atomic ratio ͓Sn͔/͓In͔Ϸ18.5 at. % similar to the EDAX 15.7% value was found. On annealing in air, there is an important increase of ͓Sn͔/͓In͔ concentration ratio at the surface (Ϸ460%). There is a certain growth in C content, and at the same time the oxygen content decreases on the air annealed sample. As in this annealed sample no phase other than In 2 O 3 has been detected ͑see Table I͒ , the migration of Sn to the surface seems to be the means of releiving stress from the lattice. In the sample grown at 300°C, the increase of Sn at the surface takes place during growth, up to ͓Sn͔/͓In͔Ϸ40 at. % and does not change much on further air annealing ͓͑Sn͔/͓In͔Ϸ41 at. %͒, possibly due to the fact that the as-grown bulk concentration is close to the saturation value ͑6 at. %͒. The data of Table I of lattice constants of samples ITO 2 and ITO 7 after annealing to 400°C, a ϭ10.126 Å and aϭ10.124 Å, may be related to the value of the Sn saturated lattice.
In as-grown films, the spectral optical transmittance does not show interference maxima and minima, as could be expected from a rough surface. For T s above 250°C, the films present a milky aspect to the naked eye, keeping a large transmittance in the visible range. Figure 10 curve ITO 4 shows the optical transmittance of the more representative as-grown ITO films.
In Table V , transport and optical properties are shown. In the as-grown form, the low substrate temperature films present an anomalous direct energy gap in the 0.7-1.7 eV range, that may be attributed to the presence of In 2 Sn 2 O (7Ϫx) phases and metallic Sn tetragonal phase. The sheet resistance for a film with an apparent thickness of 4000 Å, as measured with a ''Talystep'' profile apparatus, is 21 ⍀/ᮀ. With this apparent thickness, the resistivity and carrier concentration values obtained should be interpreted only as an indicative resistivity of the bulk material. The optical band gaps quoted for the films are also indicative, as the model used refers to a compact film. However, the clearly lower energy gaps may be attributed to phases other than cubic In 2 O 3 .
Air annealing at 200°C for 30 min produces increases in transmittance in the visible range, up to 14% and a decrease in reflectance in the near IR, of 1%. Further annealing above 200°C in air increases reflectance in the visible range up to 2%-3%, and decreases it in the near IR, down to 1% ͑see Fig. 11͒ . The appearance of interference maxima and minima suggests a reduction of the surface roughness on annealing. Table VI 4, 17 The lattice constant decreases slightly when annealing in air, and so does the apparent conductivity of the film. This would indicate that, besides Sn as metallic phase, there are some Sn atoms as interstitials that take the ''normal'' substitutional position in the In sublattice and/or leave the crystal segregating to the surface.
IV. CONCLUSIONS
Thin films of ITO with high fiber content have been grown by e-beam evaporation and without electron shower.
The observation of metallic Sn in ITO films deposited at low substrate temperature indicates that e-beam evaporation of ITO produces the decomposition of SnO 2 . Substrate temperatures above 200°C induce the Sn to pass into solution. Whiskers are readily formed in this way, increasing in size and branching as growth temperature increases, thus suggesting a correlation with the presence of Sn in the lattice above the solubility limit. In this work, the saturation values of 6 at. % observed by Frank and co-workers, are confirmed. Further thermal annealing in air produces In 2 Sn 2 O (7Ϫx) and increases the surface concentration of Sn, so that in some cases 80% are Sn atoms and 20% In atoms. The resistivity seems related more to free-electron concentration caused by Sn atoms in the bulk, than to grain size. Testing of the porous ITO films as gas sensors is under way. 
